
 FRESIP:
A Mission to Determine the Character and Frequency of Extra-Solar Planets Around Solar-

like Stars

W. J. Borucki, E. W. Dunham, D. G. Koch
(NASA Ames Research Center, Moffett Field, CA 94035)

W. D. Cochran (Univ. of Texas, Austin, TX)
J. A. Rose (Univ. of North Carolina Chapel Hill, NC)

D. K. Cullers, A. Granados, J. M. Jenkins (SETI Institute, Mountain View, CA)

Abstract
FRESIP (FRequency of Earth-Sized Inner Planets) is a mission designed to detect and

characterize Earth-size planets around solar-like stars. The sizes of the planets are determined
from the decrease in light from a star that occurs during planetary transits and the orbital
period is determined from the repeatability of the transits. Measurements of these parameters
can be compared to theories that predict the spacing of planets, their distribution of size with
orbital distance, and the variation of these quantities with stellar type and multiplicity.
Because thousands of  stars must be continually monitored to detect the transits, much
information on the stars can be obtained on their rotation rates and activity cycles.
Observations of p-mode oscillations also provides information on their age and composition.

These goals are accomplished by continuously and simultaneously monitoring 5000 solar-
like stars for evidence of brightness changes caused by Earth-sized or larger planetary transits.
To obtain the high precision needed to find planets as small as the Earth and Venus around
solar-like stars, a wide field of view Schmidt telescope with an array of CCD detectors at its
focal plane must be located outside of the Earth's atmosphere.  SMM (Solar Maximum
Mission) observations of the low-level variability of the Sun (~1:100,000) on the time scales of a
transit (4 to 16 hours), and our laboratory  measurements of the photometric precision of
charge-coupled devices (1:100,000) show that the detection of planets as small as the Earth is
practical. The probability for detecting transits is quite favorable for planets in inner orbits.  If
other planetary systems are similar to our own, then approximately 1% of those systems will
show transits resulting in the discovery of 50 planetary systems in or near the habitable zone of
solar-like stars.

Brief History
Over the centuries, much philosophical, religious, and scientific thought has been given to

the possibility that other habitable or inhabited worlds exist.  The intense popular interest
surrounding Percival Lowell's work a century ago and the publicity surrounding the recent
discoveries of planets orbiting solar like stars as well as pulsars all testify to the continuing
depth and breadth of this interest.  We live at a singular moment in history in which it is has
become possible for the first time to detect planets orbiting other stars; a key step toward
settling the question of the existence of other life in the Universe.

Recent discoveries have brought several surprises. Roughly earth-mass planets have been
found in orbit about two pulsars; PSR B1257+12 and B0329+54 (Wolszczan, 1994, and
Shabanova, 1995). The violent explosions that produced the pulsars were not expected to be
conducive to the formation or survival of planetary systems. Hence the discovery of planets
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around pulsars implies the existence of robust physical processes that readily lead to the
formation of planets. However, because the supernova events that gave rise to these planets
are so different from the processes that gave rise to our solar system, it is difficult to generalize
from the pulsar observations to the formation of planetary systems like our own.

A second surprise is the discovery of approximately-jovian mass planets in inner orbits
about several G dwarf stars (Mayor and Queloz, 1995, and Marcy and Butler, 1996). Not only
do the discoveries show that our solar system is not unique in having massive planets, but
they suggest that other planetary systems are likely to be significantly different than our own.
Previously, only models of planetary system evolution that reproduced the characteristics of
the solar system were considered useful. Now that several stars have been found with a
massive planet well inside both the "ice zone" and the zone expected to account for the
accretion of the rocky planets, it is clear that a substantial range of "initial conditions" and/or
evolutionary histories must exist to explain the observations. It is no longer necessary to
constrain all model parameters to insure that the model produces only planetary systems
similar  to the solar system.  Preliminary results based on the presence of massive accretion
disks and the coupling of planets to such disks (Lin and Bodenheimer, submitted) suggest the
possibility that planet formation and evolution in some accretion disks lead to a series of
planets forming and moving inward toward the central star. Only those planets survive that
have not fallen into the stellar envelope at the time the disk is cleared.  These results suggest
the possibility that Earth-like planets might be absent in those disks with massive inner
planets.

The current theory for the formation of our solar system, the Sun and its planets, postulates
that they developed from an accretion disk formed from the collapse of a portion of a giant
molecular cloud (Cameron, 1988, Shu et al., 1993).  This theory also implies that planets form
concurrently with most stars.  Studies of stability in many body systems indicate that most
single stars, and many binary stars are expected to have planets (Lissauer, 1995). The
numerical modeling of Wetherill (1991) shows that the accumulation of planetesimals after
molecular cloud collapse can be expected to produce several inner planets similar to those
found in the solar system.  Although his results predict substantial variability in both the
number and size of the planets, they often predict that two of the planets are approximately
Earth-sized and that two are smaller.  His results indicate that the positions of the Earth-sized
planets can be anywhere from the position of Mercury’s orbit to that of Mars.  Therefore, a
search for Earth-sized planets should cover this orbital range.

The calculations of Boss (1995) indicate that temperatures in the inner portion of the
accretion disk are nearly independent of the stellar mass, but are instead controlled by the disk
properties. Further, even variation of the assumed disk mass from 0.01 to 0.1 of the star's mass
makes little difference in the location of the ice condensation radius and thereby the orbital
distance for the formation of the giant planets. If the model is correct, then the inner planets as
well as the giant outer planets should form at distances that are independent of the stellar and
accretion disk masses. During or after their formation, angular momentum is lost to the disk
and the orbital radii decrease. With the recent observations of giant inner planets around G
dwarfs, this result demonstrates the need to search the region of short period orbits.

2



B

A

F
G

K
M

R
ad

ii 
of

 M
ai

n 
Se

qu
en

ce
 S

ta
rs

1001010.10.010.001

Stellar Radii and Planetary Orbital Semi-Major Axis (A.U.)

S
te

lla
r 

M
as

s 
(M

  ) o.
10

1

0.1

0.01

100

Planetary Orbital Period (Yr)1.
0

10

10
0

0.
10.

01

Solar System
• ••Pulsar System

Habitable Zone
(Kasting, Whitmire and Reynolds, 1993)

2 
yr

. O
rb

it

Terrestrial Accretion Zone
(Wetherill, 1991)

Figure 1  Relationship of Stellar Properties to the Habitable Zone and Planetary Systems.  Each main sequence
spectral type B, A, F, G, K, M is plotted to indicate its mass and radius on the left side of the diagram.  The
Terrestrial Accretion Zone and Habitable Zone are indicated.  The planets in our solar system and in the B1257+12
pulsar system are shown.  The scale for planetary orbital periods, based on stellar mass and orbital radius, is also
indicated.

For stars like our Sun, inner-orbit planets are likely to be the only ones to have conditions
conducive to the development of life in what is referred to as the habitable zone.  Figure 1
shows the habitable zone as calculated by Kasting, Whitmire, and Reynolds, (1993) for main
sequence stars as a function of spectral type.  The habitable zone shown here is bounded by the
range of distances from a star for which liquid water would exist and by the range of stellar
spectral types for which complex life had enough time to evolve (no earlier than F) and for
which stellar flares and atmospheric condensation due to tidal locking do not occur (no later
than K).  A chapter in this volume by Kasting provides further detail. Thus, FRESIP will
explore the zone with orbital periods between 0.2 to 2 years (Mercury to Mars) and spectral
type F0 to K5.

However, if our ideas regarding the formation of the solar system are wrong, then the
measurements would show few to no inner planets around solar-like stars or show different
distributions of size and position than predicted.  Even a null result would be significant, as it
would indicate that our understanding of planetary formation must be revised and that Earth-
sized planets must be rare in our galaxy.

Goals Of The FRESIP Program
While most proposed planet detection methods are sensitive to giant planets, FRESIP

presents a practical way to detect small inner planets the size of the Earth or Venus, to
determine the sizes of the planets and the characteristics of their orbits, and to identify those
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stars that should be monitored by Doppler velocity and astrometric systems to make further
measurements. Specifically, the scientific goals and objectives of this mission are to:

• Determine the frequency of Earth-sized and larger planets in inner orbits around solar-
like stars;

• Determine the distributions of size and radial position of these planets;
• Determine the properties of those stars found to have planetary systems;
• Estimate the frequency of planets orbiting multiple-star systems; and
• Provide critical information on the distributions of planetary size and orbital periods for

development and testing of models of planetary system formation

Rosenblatt (1971), Borucki and Summers (1984), Borucki et al. (1985), and Schneider and
Chevreton (1990) have discussed several approaches for using high-precision photometric
methods for detecting planets by measuring the variation of the stellar brightness and/or
color that occurs when a planet transits its star. They find the photometric transit method to be
particularly effective and robust. Larger planets produce a larger signal and a higher
recognition rate, while smaller planets, although still detectable, have a lower recognition rate.
The inner most planets have short orbital periods, and therefore show many transits for a
given mission duration. Planets in larger orbits show longer transit durations but fewer
transits.  The geometric probability for detecting transits is quite favorable for planets in inner
orbits.  Once the orbital period has been determined and verified, the prediction and detection
of all subsequent transits can be made.  This periodic repeatability leads to a high level of
confidence of discovery and should allow confirmation and follow on studies by ground based
observatories.

Today, the FRESIP mission is practical given the acquisition of new data and the progress
of technology.  Variability data of adequate precision now exists for one star: our Sun (based
on Solar Maximum Mission results, Willson and Hudson, 1991).  Analysis of these data
indicate that, even during maximum activity, the variability of main sequence dwarf stars on
the time scales of a planetary transit is a factor of eight below the amplitude change caused by
the transit of an Earth-sized planet.  Further, recent developments in the photometric
capability of large format Charge-Coupled Devices (CCD) has demonstrated that the precision
required for the FRESIP mission is achievable (Robinson et al., 1995).  By combining the new
CCD technology with ultra-light-weight mirror technology, it is possible to launch an
instrument above the distorting effects of Earth's atmosphere that will provide continuous and
simultaneous monitoring of thousands of stars with the precision necessary to detect planetary
transits. A comprehensive description of the mission is given in a companion paper by Koch et
al. (1995).

Photometric Precision Requirements and Need for a Space-Based Platform
To accomplish FRESIP's goals, 5000 solar-like stars must be continuously and

simultaneously monitored for evidence of the brightness changes caused by Earth-sized or
larger planetary transits. The magnitude of the brightness reduction due to a transit is
proportional to the ratio of the planet's area to that of the star.  When observing stars the size
of the Sun, the decrease in light amounts to approximately 1% for giant planets such as Jupiter
and Saturn, 0.1% for planets like Uranus and Neptune, and 0.01% for planets like Earth and
Venus (see Table 1).  The design requirement for a system noise (instrument plus star) is to
have a one sigma noise level of 1:50,000 so that a transit of an Earth-sized body
(∆L/L=1/12,000) will result in a four sigma detection per five-hour integration interval for the
faintest star (about 12th magnitude for a 1 m aperture telescope).  This level of precision
includes system noise and stellar variability in the pass band between 17mHz and 69mHz. To
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obtain the precision required to detect Earth-sized planets, the photometric system must also
avoid the scintillation limit incurred by ground-based observations (Young 1974).  Even more
limiting for ground-based observations are atmospheric transparency variations due to large
air mass changes over the periods relevant to planetary transit detection.  The ground based
photometric precision for events with durations of order 12-hours is less than one part in 1000
for ground based observations even when extreme measures are taken to minimize
photometric drifts (Frandsen et al., 1989, Lockwood et al., 1992).  The day-night cycle and
seasonal effects also make it essentially impossible to continuously monitor a single group of
stars for the several years needed for reliable planet detection.  Thus, a space-based mission is
required.

Character of Planetary Transits
For a single star, three parameters describe the character of a planetary transit: the change

in the stellar flux or brightness; the duration of the transit and the periodic reoccurrence of the
transit.  The relative brightness change is used to calculate the size of the planet, while the
orbital period of the planet is simply the recurrence period of the transits.  The fractional
brightness change, ∆L/L, or transit depth is equal to the ratio of the area of the planet to that of
the star.  Table 1 lists these values for the solar system.

Table 1 Transit Properties for Solar System Objects

Planet

Transit
Depth

∆L/L (%)

Transit
Duration
tc (hours)

Orbital
Period
(years)

Orbital
Radius
R (AU)

Geometric
Probability
d*/D (%)

Inclination
to Ecliptic
(degrees)

Mercury 0.0012 8.1 0.241 0.39 1.19 7.0

Venus 0.0080 11.0 0.615 0.72 0.65 3.4

Earth 0.0084 13.0 1.00 1.00 0.47 0.0

Mars 0.0023 16.0 1.88 1.52 0.31 1.9

Jupiter 1.01 30. 11.86 5.2 0.089 1.3

Saturn 0.68 40. 29.5 9.5 0.049 2.5

Uranus 0.116 57. 84.0 19.2 0.024 0.8

Neptune 0.096 71. 164.8 30.1 0.015 1.8

For transits across the center of a star, the transit duration is given by:

  τc = 13d * R M* ≅ 13 R hrs (1)

where d* is the stellar diameter in solar diameters, M* is the stellar mass in solar masses, and R
is the orbital radius in AU.  Given that d* depends on M* by about the 3/5 power (see Fig. 1),
the transit duration is weakly dependent on the spectral type.

Geometric Probability for Alignment
Transits can only be detected if the planetary orbit is near the line-of-sight (LOS) between

the observer and the star (see Figure 2).  This requires that the planet’s orbital pole be within
an angle of d*/R measured from the center of the star and perpendicular to the LOS, where d*
is the stellar diameter (=0.0093 AU for the Sun) and R=D/2 is the planet’s orbital radius.  This
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is possible for all angles about the LOS, i.e., for a total of 4πd*/D steradians of pole positions
on the celestial sphere.  Thus the geometric probability for seeing a transit for any random
planetary orbit is simply d*/D (Borucki and Summers, 1984).  For the Earth and Venus this is
0.47% and 0.65% respectively (see Table 1).  Because grazing transits are not easily detectable,
we will ignore those with a duration less than half of a central transit.  Since a chord equal to
half the diameter is at a distance of 0.866 of the radius from the center of a circle, the usable
transits account for 86.6% of the total.

If other planetary systems are similar to our solar system in that they also contain two
Earth-sized or larger planets in inner orbits (Wetherill, 1991, Wolszczan, 1994), and if the orbits
are not co-planar to within 2d*/D, then the probabilities must be summed.  Thus
approximately 0.011 x 0.866 = 1% of the solar-like stars with planets are expected to show
transits from inner planets.  Therefore a photometric system that continuously and
simultaneously monitors 5000 such stars should detect approximately 50 planets if the current
theory of planetary formation is correct in hypothesizing that planetary formation
accompanies star formation.

After a set of several transits with a sufficiently high signal to noise ratio (SNR) is recorded,
the planet size and orbital period can be found. Then the prediction and detection of
subsequent transits for that system can be made for confirmation by independent systems.
From the orbital period and the brightness change (along with the stellar mass and size) the
distance from the star to the planet and the size of the planet can be calculated.

Earth-sized planets in Mercury-like orbits producing four transits a year should be detected
in the first year of observing; those with Earth-like orbits after three to four years of observing;
and those with Martian-like orbits will require six to eight years of observing. For planets with
orbits periods as short as that of 51 Peg b (Mayor and Queloz, 1995), detection of four transits
would occur within 18 days! If, on the other hand, no small planets are discovered, then this
null result would have fundamental scientific and cultural implications.

Range of Pole Positions = 
d*

D/2

d*

D/2

2d*/D
2π

Solid angle of 4πd*/D 
for all possible pole positions for any given LOS

Orbital radius

Stellar
Diameter

Figure 2  Geometric Probability for Proper Orbital Alignment to See a Transit.  To observe a transit, the
orbital plane must be within an angle of d*/(D/2) of the LOS or likewise, the orbital pole must be within the
same angle.  The is true for all pole positions around the LOS.  The total solid angle of pole positions is 4πd*/D
steradians and the fraction of the sky covered by this angle is simply d*/D (Koch and Borucki, 1994).
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Probability for Multiple Transits and Relative Orbital Inclinations

Current models for planetary system formation assume that the planets are formed out of a
common nebula with the star, and that the orbital planes should have small relative
inclinations (Hale, 1994).  For the solar system, these inclinations are on the order of a few
degrees (see Table 1); they are also small for the inner moons of Jupiter, Saturn, Uranus, and
Neptune.  If one were to view the system near either node of the intersection of the orbital
planes of two planets, then clearly, both planets would be observed.  For very small relative

inclinations of the planes, φ << 2d*/D, both planets would almost always be observed, and for f
>2d*/D the probability for seeing a second planet in the system is given by (Koch and Borucki,
1994):

  
P2 =

1

π
sin-1 sin 2d*/D( )

sinφ
 
 
  

 
, where φ ≥ 2d */D

. (2)

For the Venus-Earth combination, there is a 12% chance of seeing both planets.  Thus, there
appears to be a significant chance that multiple-planet systems will be seen.  This argument
tempers the previous one that the probability of detection is the sum of the individual
components of each system.  If the inclinations of planetary orbits in other systems were all
very close to zero, then the total number of planets detected would still be about 50, however,
the number of separate planetary systems detected would be closer to 25.  This result should
lead to a further refinement of the models that describe both the frequency of planet formation
as well as the co-planarity of their orbits.

Effect of a Massive Outer Planet on the Transit Duration

Calculations of the precession of the line of nodes caused by massive outer planets show
that it is possible to detect their presence by monitoring the change in the duration of  the
transits as the inner-planet orbital plane moves across the  disk of the star.  For example,
assuming 1) a solar-like star, 2) a low mass planet at 1 AU, 3) a Jupiter-mass planet at 5 AU,
and 4) a 10 degree inclination between the two orbital planes, then for the calculated
precession rate of 0.0022 deg per year, the transit duration would change by an amount in
excess of 6 minutes over an 8 year period . However, this change would occur only for the
situations where the  transit line was displaced from a central transit by 75% or more of the
stellar radius. A more comprehensive discussion of this effect for a  variety of assumptions
about relative masses and orbital radii will be presented elsewhere.

Signal Detection in the Presence of Noise

To minimize the mission cost, it is necessary to operate at the minimum SNR and the
shortest mission duration that accomplishes the goals discussed earlier.  To insure that a null
result for the ensemble of observed stars is statistically meaningful, the total number of false
alarms for the entire experiment must be less than one. Assuming that a uniform detection
threshold is applied to each star, the required false rate can be chosen by setting the SNR
threshold high enough so that the false alarm rate for each test times the number of statistical
tests performed per star time the number of stars is less than one.  Therefore, the minimum
planet size that can be detected at a specific recognition rate is determined by the noise
measured for each star, the number of observed transits, and chosen value of the SNR
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threshold. Due to the large number of stars to be observed, the number of tests performed per
star is determined in large part by the range of orbital periods and transit durations of interest,
and depends only secondarily on the power spectrum of the measurement noise.  Because we
want to detect planets as small as the Earth and Venus, it is important to demonstrate that the
system noise can be made low enough that the SNR from four transits of an Earth-sized planet
will be at least as great as the threshold value required to keep the total number of false alarms

below one.  In the following sections it will be shown that a threshold SNR of 7σ for a set of
transits is required when 5000 stars are searched for planets having orbital periods between 90
days and 730 days.  First the expected noise level is derived and then the results of a
simulation that uses a matched filter algorithm to detect sets of transits are presented.

The recent discovery of giant planets with orbital periods shorter than that of Mercury
provides motivation for searching for terrestrial planets with similar orbital periods.  Although
the previous discussion considered a range of planetary orbital periods corresponding to those
of the terrestrial planets in our own solar system, there is no practical barrier to expanding the
search space to include planets with other orbital periods. The extension of the search space
will not cause a dramatic increase the number of statistical tests required so long as the
following strategy is employed: 1) A lower limit on the size of potential planets is set, so that
the number of transits needed to reach the detection threshold can be calculated. 2) The search
is conducted only until this time limit is reached. By restricting attention to planets of radius
comparable to or larger than the Earth’s, it is possible to detect such planets against an
increased photon noise background coupled with shorter transits, given that more than four
transits occur during observation period.  Thus, for a planet with a 15-day period orbit in a
grazing occultation geometry (2.2 hours duration), approximately 1.25 years of observation
would be required to reach the same detection probability as for the same planet with an
orbital period of a year observed for four years. This estimate includes the increased shot noise
appropriate to the shorter transit duration.

The major sources of noise that are expected to compete with the transit signal are stellar
variability, photon shot noise, and "instrument noise" (includes detector and other noise such
as pointing jitter).  Since they are not correlated, they can be combined as;

(Sys Noise)2 = (Stellar Var)2 + (Shot Noise)2 +  (Instrument Noise)2                                     (3)

Table 1 showed that the expected signal level from Earth-sized planets will be
approximately 8x10-5. The present mission is designed to hold the total system noise

(including the effect of stellar variability) to a value of 2x10-5, thus producing a SNR of 8σ for a
set of four transits. Note that the SNR of a set of transits grows as the square root of the
number of transits times the SNR of a single transit, and that a four year mission will give 4
transits for planets with orbital periods near one year. Thus, an eight year mission will

produce a SNR greater than 11σ for an eight year mission. Clearly the system noise can be kept
below 2x10-5 only if the noise introduced by each source is below this value.

Stellar Variability
 Although many stars are variable, variability will not interfere with the detection of the

transits, unless the variability is at the time scale of the transits, i.e., the noise is introduced
within the band pass of the matched filter detection algorithm. The HR-diagram has been
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surveyed for variability fairly well and at this time the solar-like stars, especially the older ones
with low activity, are the quietest stars known.

Much of the variability that is measured is found in the ultraviolet portion of the spectrum,
especially in the Ca II H & K lines.  Therefore the FRESIP measurements will be confined to
wavelengths longer than 400 nm.  If solar-like stars have a variability similar to that of the Sun,
then intrinsic brightness fluctuations will range from 10-3 at the rotation period of the star due
to the presence of large sunspot groups to values of less than  10-5 with a duration of several
hours due to turbulent motions and gravity waves in the stellar atmosphere (Frohlich, 1987).
Note that the duration of a transit ranges from 4 hours for a Mercury grazing transit to 16
hours for a Mars central transit (see Table 1).  Brightness variations with a duration greater
than approximately 16 hours will not significantly affect the detectability of transits.  It should
also be noted that there is no reason to believe that the noise characteristics of other solar-like
stars differ substantially from the Sun in the band pass of interest. Specifically, there are no
other experimental data and no theories that discuss any variation of this noise with spectral
type.

Figure 3 is the measured power spectrum of the Sun obtained with the ACRIM 1
radiometer (Woodard et al., 1982). It demonstrates that in the frequency band pertinent to
planetary transits, the stellar variability noise is much less than that which occurs at
frequencies characteristic of stellar rotation and the evolution of star spots. Although effects of
star spots will be observed and could show periodic brightness variations larger than those
from transits by small planets, their presence will cause difficulty only for stars with both very
short rotation periods and extensive spotting.  Studies show that rotation periods increase with
age (Soderblom 1983) and become quite long for stars later than spectral class F0 (Stauffer and
Hartmann, 1986).  Spectral classes F5 through K5 have periods of weeks, similar to that of the
Sun.  Consequently, the presence of starspots on these stars should not prevent the detection of
planetary transits.  Many stars earlier than F5 have rotation periods shorter than weeks.  But,
these stars also show much less stellar-spot activity as evidenced by their lower Ca II H & K
line activity (Noyes et al, 1984).  Much of the variability in solar-like stars has been found to
occur in the UV from ionized calcium and magnesium.  Therefore, the short wavelength cutoff
for the instrument will be at 400 nm  to reduce flux variations due to Ca II lines and other UV-
variable sources.
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Figure. 3 Power Spectrum of the Sun from the ACRIM 1, SMM DataThe intrinsic peak variability of the
Sun is on the order of one part in a thousand and the relative intensity (square root of the power) on time scales
for a transit (12 hours) is a factor of a hundred less; thus the variability is on the order of one part in 100,000.
(Woodard et al., 1982)

In a study being conducted at Ames, the SMM data are being examined to reduce the
telemetry and instrument noise to better estimate the noise due to the Sun's variability.
Further, the contribution of the UV portion of the spectrum to the total flux measured by
ACRIM 1 radiometer is being assessed by comparison with the UV radiometric measurements
made aboard the SOLSTICE spacecraft. Preliminary results from the study indicate that the
solar variability in the visible portion of the spectrum and in the band pass of interest is
approximately 0.7x10-5. This value implies that planets substantially smaller than the Earth
should be detectable with some combination of 1) larger apertures, 2) longer mission
durations, or 3) shorter orbital period.
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Control of Other Noise Sources
 For the present mission design, the major source of noise is the statistical noise introduced

by the finite number of photons counted.  For a given integration interval, this noise can be
reduced to any desired level by increasing the size of the telescope aperture and/or observing
brighter stars. The first option carries a financial penalty while the second option reduces the

science yield.  Trade off studies suggest a shot noise error budget of 1.4 parts in 105 and

thereby a requirement for recording a minimum of 5x109 counts per integration.  The
integration time available varies from 4 hours for a grazing transit at 0.4 AU to 16 hours for a
central transit at 1.5 AU.  The combination of telescope aperture and efficiency, and detector
band pass and quantum efficiency have been chosen to achieve the required sensitivity for
stars with visual  magnitudes of 12 and brighter (See Koch et al., 1995).

Laboratory tests of CCDs were conducted at the flux levels and time durations expected to
demonstrate that available research-grade CCDs have the photometric precision required for
FRESIP.  Independent groups working at Ball Aerospace and Lick Observatory performed
tests using relative photometry of artificial starfields (ratioing the flux of an individual star to
that of all other stars on the CCD).  It was found that the dominant error source in the
experiments was image motion, such as that caused by flexure of the mechanical system as the
cryogenic coolant boiled off.  By accurately centroiding star images and fitting a linear function
of the relative photometry to the image position, combined with a term which fit an observed
non-linearity in CCD response as a function of brightness, Robinson et al. (1995) demonstrated
that front-illuminated CCDs can routinely provide near shot-noise limited performance. A full
discussion of the system noise is presented in Koch et al., (1995).

Simulated Transit Events.
Figure 4 illustrates the difference in detectability of single and multiple transit events.

Plotted in the top section of the figure are four simulated transit events.  Each simulation
includes the three primary noise sources expected in the data; instrument noise, photon (shot)
noise, and stellar variability.  The simulations are generated by algebraically adding two data
sets--CCD laboratory data of artificial stars with an CCD fractional error of 1.4 x 10-5, and solar
variability data from SMM with a fractional error of 1x10-5.  Pointing noise is included with the
CCD data by assuming spacecraft pointing jitter (0.55 pixels or 0.16 arcseconds).  Because the
SMM data had no appreciable photon noise, a Gaussian distributed random noise was added
to simulate the expected photon noise (1.4 x 10-5).  The RSS sum of the errors is 2.26 x 10-5,
which is a reasonable approximation to the budgeted error of 2.0 x 10-5 and to the error
measured in the simulations which has a mean of 2.15 x 10-5.  All quantities were binned into
four-hour intervals and a 12-hour (3 data point) Venus-size transit 8.0 x 10-5 added to the data.
A polynomial fit to the data was used as a high-pass filter.  Multiple simulations show that on

average, a single transit event is a 3.5σ detection.  Note that while the data were binned into
four hour intervals, the time resolution for locating event centers is much higher, as the
integrated brightness for target stars is taken with 15-minute centers.

The bottom plot in the figure shows the result of combining or "folding" four transit data

strings together.  The result is a 7.5σ detection, such that 83% of planetary transits will be
detected with four transits.  Note that this simulation utilizes real solar variability and real
CCD noise.  Thus, this demonstrates that CCDs can consistently operate at the precision level
necessary for the mission and that solar-type stars are sufficiently quiet to allow detection of
transits of Earth-sized planets.
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Although Figure 4 makes it easy to visualize the result of folding the entire data string for an
individual star when the phase and the period of the orbit have been found, the procedure
required to find the phase and period is not shown. The procedure we have chosen is to use a
matched filter algorithm such that the time series observations for each star are first whitened
and then cross correlated with a mask whose length has a Keplerian relationship to the orbital
period sought. Because the detection efficiency falls when the mismatch in the time lag is equal
to the decorrelation length, a very large number of phases and periods must be searched. In
particular, it is estimated that approximately 1011 statistical tests must be made when 5000
stars are searched for orbital periods between 90 and 700 days. Thus an event (i.e., a set of

transits) must have a SNR of 7σ to exceed the SNR threshold that will produce no more than

0.1 false alarms for the entire mission (or a SNR of 6.7σ if a false alarm rate of 1 event can be
accepted).  Because the SNR of a set of transits increases with the square root of the number of

transits, this requirement implies that the average SNR of an individual transit must be 3.5σ
for a set of 4 transits (i.e., a one year orbital period for a four year mission or a two year orbital

period for an eight year mission) and 1.75σ for a set of 16 transits (i.e., a 90 day orbital period
for a four year mission).  The observations provide the actual noise level for each star. This
noise level will be different for each star because the brightness of the target stars will range
from approximately 9th to 12th magnitude and because the variability of individual stars of

differing spectral class might also vary.  In every case a threshold SNR of 7σ is applied, and
only those events above the threshold will be further examined as a possible transit signal. For
stars no dimmer than 12th magnitude and no noisier than the Sun, planets as small as the
Earth and Venus should be detected. For the brightest and quietest target stars and for mission
durations exceeding 4 years, even smaller planets will be detected. Also note that whenever
the observed orbital period is short enough that more than four transits occurs, it is possible to
restrict further statistical tests to just the star showing the transits and to its measured orbital
period. Such tests dramatically reduce the possibility of false detections.

Choice of Stellar Type.  The decrease in the brightness due to a transit is proportional to
the ratio of the planet's area to that of the star.  For a given planet size, smaller stars will
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provide a higher SNR than larger stars.  Therefore, FRESIP will monitor main sequence dwarf
stars which are similar in size to the Sun, not giants or early spectral class dwarfs.  We will
perform spectral and luminosity classification for all stars in the field of view (FOV) to about
magnitude 12 to select the target stars.  Although M stars are the most abundant by total
number in the Galaxy, in a magnitude-limited survey F, G and K stars are the most abundant,
accounting for approximately 70% of the stars, based on the SAO, HD and AGK3 catalogs
which have limiting magnitudes of mv = 9.5.

Treatment of Binary Stars.  If half of the stars monitored are binaries and if binaries do not
have planetary systems, then only 25 planetary systems should be detected.  However,
numerical orbital integrations indicate the possibility of stable planetary orbits around binaries
where the planetary orbital radii are either more than 3.5 times greater than the stellar
separations (close system) or less than 3.5 times the separation (open system) (Szebehely, 1980,
Graziani and Black, 1982, Black and Pendleton, 1983, Dvorak, Froeschle and Froeschle, 1989,
Donnison and Mikulskis, 1992).  Based on an analysis of observed binary systems from Heacox
and Gathright (1994), we can estimate the maximum number of planetary systems with orbital
distances between 0.4 and 2 AU in binary systems (see fig. 5).  Close systems, where the binary
has a separation much less than Mercury’s orbit, account for 17% of the cases.  Open systems,
where the binary has a separation at least as large as Jupiter’s orbit, account for 60% of the
cases.  Therefore, only the remaining 23% of the systems are expected to be unsuitable for
planets in the habitable zone.  For open systems, planets could potentially form about both
members of the binary.  If a planetary transit of one of the two stars in an open binary were
observed, and if the brightnesses of both stars were similar, then the SNR would be
approximately one-half that for a similar transit occurring in a single-star stellar system
because the stars would not be resolved by the photometer. The reduced SNR would make the
transit difficult to detect. Because the observations of the brightness distributions of
companions to G dwarfs in binary stars has been tabulated by Duquennoy and Mayor (1991), it
is possible to determine the fraction of G dwarf binaries that have a secondary too dim to cause
a significant reduction in the SNR of a transit. From an integration of the curves they present it
is found that 85% of the binaries have secondaries that will cause less than a 20% reduction in
the SNR. Consequently the fraction of solar-like binaries that could have detectable planetary
systems is 17% + 0.85 * 60% = 68%.  A sufficiently large number of suitable binary systems
should be available to establish:

1) whether planets can be found in binary systems, and
2) their frequency of occurrence and distribution in close and widely spaced binaries.

13
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Fig. 5 Distribution of Binary Separations (Heacox and Gathright, 1994).  Numerical computations have
shown that planets in binary systems may have stable orbits when the planetary orbit about a close binary is 3.5
times greater than the binary separation and in an open system when the planetary orbit is at least 3.5 times
smaller than the binary separation.  This accounts for about 77% of all solar-like binary systems.

Viewing Constraints and Orbit Selection.
The first viewing constraint on the FOV selection is that it must be out of the ecliptic, so

that the FOV is not blocked by the Sun on an annual basis.  Low-Earth orbit also is
inappropriate, since there is no part of the sky that is not blocked by the Earth as a result of
orbital motion and precession of the orbital pole.  From a high-Earth (several Earth radii) low-
inclination orbit, portions of the sky near the equatorial poles are continuously accessible.
However, these are regions well off the galactic plane and the star densities are relatively low.
Trapped radiation also remains a problem at these altitudes.  Thus a halo orbit about the Earth-
Sun L2 Lagrange point can be used, which is 0.01 AU from the Earth.  This will permit
continuous viewing of much of the sky, particularly near low galactic latitudes where the star
density is sufficiently high. Alternately, a heliocentric orbit, like that proposed for SIRTF
(Space Infrared Telescope Facility), can be used.

Choice of Star Field
Using the HST Guide Star Catalog (GSC) as a basis for obtaining star densities, a region

centered on galactic longitude 70° and latitude 5° has been found satisfactory in that 1.8x104

stars with visual magnitude of 12 or larger are present in the instrument FOV.  It is at least 55°
off the ecliptic and it is not directly on the galactic plane where giants would dominate the star
counts.  The fraction of these stars that are of the desired spectral class is estimated to be 70%
using the spectral distribution in the SAO, HD, and AGK3 catalogues.  The fraction of each
spectral class composed of main sequence dwarfs (luminosity class V) was estimated to be 50%
based on the galactic model of Bahcall and Soneira (Bahcall, 1986). Thus this region should
have a sufficient number of F, G and K dwarf stars with the required brightness.

Method for Selecting the Target Stars
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There is no existing catalog of spectral type and luminosity class containing our proposed
FOV to the required magnitude limit.  The HST Guide Star Catalog limiting magnitude is 16,
but it has neither spectral or luminosity information; and the AGK3 catalog with limiting
magnitude of about 9.5 only has spectral type and no luminosity classification. Therefore a
ground-based observing program is needed to determine the spectral type and luminosity
class of each star in the FOV to about magnitude 12. An efficient method for performing the
required observations on large numbers of stars has been developed by Rose (1991).  The
method combines the speed and FOV of objective prism spectroscopy with the sky
suppression of narrow band photometry.  A system of spectral indices is used to measure the
ratio of the residual central intensity of two neighboring spectral lines.  The Hδ (λ4102)/FeI
(λ4063) provides the spectral type classification for F, G and K stars in the MK system (Morgan
et al, 1943) and the SrII (λ4077)/FeI (λ4063) provides the luminosity classification in the MK
system (see fig. 6).  These observations can be made using the Burrell-Schmidt telescope at Kitt
Peak National Observatory and will require on the order of two weeks of telescope time.
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Supporting Doppler Velocity Observations
It will be important to maintain a ground-based observing program to determine the

parameters of the eclipsing binary stars that are discovered by FRESIP because the transit
signature  is more complex than for a transit of a single star (Bell and Borucki, 1995). However
matched filter detection algorithms can still be used if the properties of the stars are
determined from a combination of photometry and radial velocity measurements (Jenkins et
al., 1995).

In addition, once a companion is found for either a singular or binary system, ground-base
observations using the Doppler velocity method will be needed to rule out the possibility that
the transits are caused by stellar objects such as a white dwarf or substellar objects such as a
brown dwarf.  The precision of the Doppler velocity method often reaches 20 m/s (McMillan
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and Smith, 1987, Latham, 1992, Hatzes and Cochran, 1993). Recently, Butler et al. (Attaining a
Doppler Precision of 3 m s-1, preprint) found that they can reach a precision of 3 m/s when
they use iodine absorption cells with the echelle spectrographs at either the Keck or the Shane
telescopes. For a precision of 3 m/s, the minimum detectable companion mass is given by:

  m p = 33 RMs (4)
where the companion mass is in Earth-masses, the stellar mass is in solar-masses and orbital
radius is in AU.  Thus, an Earth-mass object can readily be discriminated from a substellar
object and even from a Saturn or Jupiter mass planet.

Expected Results
Measurements of each star will provide the amplitude, duration, period, and epoch of each

transit.  The amplitude of the transit is a direct measure of the ratio of the area of the planet to
the area of the star.  Because both the spectral and luminosity classifications of each target star
will be known beforehand from a ground-based observation program, the size of the planet
can be calculated from the known size of the central star.  From the epochs of a pair of transits,
an estimate will be obtained of the orbital period, accurate to within one hour.  Given the
predicted time of transit and the identity of the star, it should be possible to use a large
aperture, ground based telescope to verify the transits. A large aperture is required to keep the
scintillation noise low enough to get a significant SNR (Young, 1974).  Although such
telescopes do not have FOVs large enough to continuously monitor thousands of relatively
bright stars (mv<12), they can measure the brightness changes at the beginning and end of a
transit when they monitor only a single target star. Because the time of transit will be known,
the telescope time  is needed only when a transit is imminent.

From the mass of the star and the orbital period of the planet, the radius of the orbit can be
calculated.  From the orbital radius, one can determine if the planet lies within the habitable
zone of the particular star and begin to make estimates of the planetary conditions (see
Kasting, Whitmire and Reynolds, 1993). Most significantly, FRESIP will determine whether
Earth-sized planets exist in inner orbits around solar-like stars, and their frequency of
occurrence.  Because of the statistically large sample of stellar data acquired, finding few or no
planets leads to the conclusion that Earth-sized planets are rare and models of planetary
system formation must be revised, and the origin of the Earth reconsidered. On the other hand,
detection of the expected number of Earth-sized inner planets would confirm currently held
theories, and will have an impact on both the scientific and public communities. The effect will
be significantly enhanced if some of the detected planets are found to exist in the habitable
zones for their parent star. A positive result should motivate the resources needed for more
expensive programs to determine the spectra of planetary atmospheres. Furthermore, the
results are necessary to provide an estimate of the range to the nearest stars with Earth-sized
planets and thereby determine size scale of the instruments needed for such programs.

Additionally, these results will provide an estimate of the size, and radial distribution of
inner planets.  The question as to whether only small rocky planets, like the Earth, are present,
or whether much larger planets are also found in inner orbits will be answered. Further
observations with Doppler velocity or astrometric systems could then be used to detect any
outer planets in these systems.

If our solar system is typical with two Earth-sized inner planets and mildly inclined orbits,
then we expect to find multiple planets in about 12% of the cases, based simply on the chance
of viewing the system not too far from the line of nodes.  On the one hand, if the typical
relative inclinations are closer to zero and multiple planets exist, then we should almost
always see multiple planets.
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Depending on the nature of the result, one may be able to draw further conclusions based
on the dependence of these properties on the stellar type.  Since about half of all stars are
binary systems, we will also expect to determine the frequency of planets in binary systems.
This will subdivide into close binaries where planets could exist in orbit about the pair and
open binaries where the stars are so widely separated that planets could exist around the
individual members of the system.  Finally, we expect to see a few transits of Jovian-size outer
planets if most solar-like stars have Jovian planets.  Calculating the probability from d*/D (see
Table 1) and applying it to Jupiter for eight years of observing (2/3 the orbital period) yields a
probability of 1:1685.  For 5000 stars we would expect to see about three Jovian type transits.
Since the transit depth would be on the order of 1%, a single transit would be of very high
confidence level; i.e., the signal to noise ratio would be 50 and the probability of a random
occurrence from a Gaussian distribution would be much less than 10-17. Hence only a single
transit would be required for a detection.  Doppler velocity observations could then be used to
determine the precise mass as the inclination of the orbit would be known. From the
photometric and Doppler velocity observations, the time of subsequent transits could be
predicted.  Ground-based observatories could readily observe the predicted transits of these
planets because the signal amplitude would be well above the scintillation noise. These
ancillary observations would serve to confirm the detection and determine a precise orbital
period.  With the mass and  size information, the mean density of the planet can be calculated.

Because a very large number of stars will be observed continuously for several years, a
great deal of information will be available on star spots, activity cycles, oscillations, and
rotation rates. From p-mode observations, the age, mass, and composition of the stars can be
obtained(Brown and Gilliland, 1994). It might be possible to associate activity levels with other
stellar properties and identify the factors that control when a star is in a low activity level such
as that occurred for the Sun during the Maunder Minimum.  If non solar-like stars are also
included in the monitoring program, then the dependence of these properties can be studied as
a function of stellar and luminosity class. A more comprehensive discussion of the
astrophysical application of FRESIP observations can be found in Astrophysical Science with a
Spaceborne Photometric Telescope (1993).

Summary
Results from FRESIP will provide information on the existence, sizes, and distribution of

inner planets around solar-like stars. One can imagine the ramifications from the explicit
knowledge of the frequency of small, possibly-habitable planets in extra-solar planetary
systems. For a long duration mission and for the brightest low-noise stars, planets smaller than
Earth and Venus could be detected. Thus much of the size range of habitable planets and their
distribution in and near the habitable zone will be covered. On the other hand, it would be
sobering if FRESIP finds that the probability of habitable planets is so low that a null result is
obtained.

In summary, FRESIP is a mission that can;
• Determine the frequency of Earth-sized and larger planets in inner orbits around solar-

like stars;
• Determine the distributions of size and radial position of these planets;
• Determine the properties of those stars found to have planetary systems;
• Estimate the frequency of planets orbiting multiple-star systems; and
• Provide critical information on the distributions of planetary size and orbital periods for

development and testing of models of planetary system formation.
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